Objective: To describe the characteristics of badminton in order to determine the energy requirements, temporal structure, and movements in the game that indicate performance level. To use the findings to plan training with greater precision. Methods: Eleven badminton players (mean (SD) age 21.8 (3.26) years) with international experience from four different countries (France, Italy, Spain, and Portugal) were studied. Two of the Spanish players were monitored in several matches, giving a total of 14 samples, all during the 1999 Spanish International Tournament. Blood lactate concentration was measured with a reflective photometer. Maximum and average heart rates were recorded with a heart rate monitor. Temporal structure and actions during the matches were determined from video recordings. All variables were measured during and after the game and later analysed using a descriptive study.
P revious research has analysed the characteristics of effort in training and competition in racket sports such as tennis 1 2 and squash. 3 This has made it possible to create a profile of the energetic and physiological demands involved, which has enabled the physical capacity necessary to practise these sports to be established. However, there are not sufficient data on badminton to allow a more realistic assessment of energy expenditure in competitive matches.
It is not known which are the most important aspects of performance in badminton, what should be improved to increase playing level, and what factors lead to favourable results when competitors are of a similar level. This is compounded by ignorance of certain parameters of play that can be related to performance in competition and their effect on the final result.
Research [4] [5] [6] [7] has shown the importance of studying physiological variables such as lactate concentration and heart rate to determine the energy requirements of physical activity and sport.
Although badminton has increased in popularity since its inclusion as an official sport in the 1992 Olympic Games in Barcelona, research on performance capacity (the optimum performance level players can reach, which should be used as a point of reference for coaches of top players) is still scarce. However, we should point out the studies of Carlson et al 8 and Alvero 9 on heart rates obtained for young sportsmen during competition. Minimum, average, and extremely high maximum heart rates were reported, and it was found that the maximum heart rate recorded was close to the theoretical heart rate maximum. With regard to adults, Hughes 10 found maximum heart rates of 186 beats/min in simulated competitions.
Other studies include those by Abe et al 11 and Gosh et al, 12 13 in which the maximum concentrations of lactate were not above 5 mmol/l. Similarly, Carlson et al 8 did not find any large differences between top class Australian singles and doubles players, with a mean maximum concentration of 4.6 mmol/l obtained at the end of the first set of the men's singles.
Another characteristic of badminton is the execution of sporadic movements of moderate and high intensity, related to repetitive actions of short duration but great intensity, 14 as occurs in other sports with similar characteristics (squash, tennis, and volleyball). These characteristics, together with highly explosive bursts of play, in the case of badminton taking place with high speed and technical skill within an 80 m 2 court, serve to illustrate the degree of physical exertion in each match. In terms of data analysis, some authors 10 15 16 have obtained average play values (action intervals) of five seconds duration, followed by recovery periods of 5-10 seconds. However, Cabello et al, 17 investigating three top class national players, found action intervals (performance time) closer to eight seconds, and rest times were double this (16 seconds). This finding does not agree with data obtained from a larger sample (n = 8) of younger, medium to top level national players, for whom an average of 3.6 seconds for action intervals and 9.8 seconds for rest times were found, 14 suggesting some variation in play-rest patterns.
Maximum effort tests on a treadmill have shown that top badminton players have a high oxygen consumption: 60.5 and 49.3 ml/kg/min in men and women respectively of the Australian national team 8 and 51.5 ml/kg/min for 13 players in the British team. 10 Our aim was to assess the physiological and metabolic bases of physical effort during badminton competitions and their possible relation to performance parameters as effective indicators of the final result. We also aimed to calculate the volume and intensity of the work rate in a badminton match, measure the cardiovascular effort in a top level match, describe the temporal structure of a badminton competition in relation to the time of action and recovery, extract quantifiable variables of performance in play, and calculate the relation between the different variables and the final result of the match.
METHODS

Samples
Eleven badminton players (10 men, one woman, mean (SD) age 21.8 (3.26) years) with international experience were recruited from four different countries (France, Italy, Spain, and Portugal). Two of the Spanish players were videorecorded during several matches in the 1999 Spanish International Tournament, giving rise to a total of 14 samples. Seven players were members of their national teams (10 samples), with a minimum weekly training schedule of 12 hours.
Design
The design is descriptive and comprises measurements taken before and after the match in each sample and various comparisons between the subjects. Several variables were measured; some as used by Dias and Ghosh 18 are described as follows.
Lactate concentration
This was determined, in blood samples (20 µl) taken from the earlobe, using reactive strips which were immediately analysed using the lactate-mediator oxidase colour reaction technique with an Accusport reflection photometer. This technique is considered to be highly accurate for lactate concentrations below 8 mmol/l. 19 20 Several blood samples were taken: at rest, at the end of the match, and at 1, 3, 5, 7, and 10 minute intervals during recovery.
Heart rate
Heart rate was recorded every five seconds by telemetry throughout the match, using Polar Sport Tester 4000 heart rate monitors and a Polar Interface Unit to introduce the data into a 486 PC. Polar-HR software was used to determine parameters such as the maximum and average heart rate of each subject at different stages of the match. The Polar Interface Unit consists of a belt containing a pair of electrodes and a wrist receptor. The former is attached to the player's chest and sends the information it receives to the wrist receptor.
Total playing time
Total playing time was registered by the heart rate monitor's chronometer, as well as by filming each match with VHS-C video cameras. From the tapes we were able to determine real time play (total time that the shuttlecock is moving).
Temporal structure
The temporal structure was obtained from subsequent analysis of the videotaped matches by calculation of the average work interval or performance time, average rest interval or rest time (both of the latter measured in seconds), and work density (ratio of performance time to rest time; a nondimensional variable).
Performance rates
Performance rates were analysed by watching the video of each match and summarising them as follows.
• Unforced errors: errors committed by the player in a situation where an error is not expected.
• Winning shots: shots that, on account of their effective execution, score a point.
• Number of shots that occur in each point (number of shots per rally), in each of the sets and matches (total shots).
• Maximum actions: actions that require highly demanding physical execution and therefore maximum effort.
• Total number of rallies: number of interventions occurring throughout the sets and whole match.
Atmospheric conditions (temperature, humidity, and pressure) showed only minimal variations (70-80°humidity and 20-22°outside temperature). It was necessary to take account of a factor that may have affected the results obtained-that is, the intensity with which the match was contested-because, to consider the results obtained as representative of maximum effort, the match had to be hard fought with the players performing to their full capacity. This was controlled by choosing for analysis the matches that a priori were likely to be the most hotly contested-that is, between players of the same level (using information obtained from results in other competitions and from their respective coaches)-as well as the importance of the result within the competition.
Procedure
Before the competition, a meeting was held with all those responsible: club delegates, referee, and members of the competition committee. At this meeting, the bases of the study were laid out and queries were answered. At the end, information sheets and agreement forms were handed out to be filled in by the players who volunteered to take part.
Before the on court warm up, a blood sample was taken for analysis of basal lactate concentration, and each player was provided with a heart rate monitor and reminded of the procedure to be adhered to. Just before the start of the match, the player switched on the heart rate monitor and so initiated the heart rate register. At the same time, the video recorder started filming. A blood sample was taken and heart rate was recorded immediately after the first set. At the end of the match, blood samples were taken immediately and at 1, 3, 5, 7, and 10 minute intervals during recovery.
Over the next few days the videotaped matches were watched to determine each player's temporal structure.
Statistical analysis
We carried out a bivariate correlational statistical analysis (Pearson's coefficient) between all the variables using the Statistical Package for Social Sciences (SPSS) 7.5, and those variables, such as total time, that could affect correlations were subject to partial control through this programme. For the relation between unforced errors or winning shots and the final result, we used a binomial analysis of ratios for non-parametric measures with c 2 contingency tables. The level of significance used in the statistical analysis was p<0.05. Table 1 shows the different variables analysed for each player, as well as their descriptive analysis.
RESULTS
The very high degree of uncertainty in the course of the game of badminton is clearly shown by the great variability in the different variables for each player, with performance times varying between 4.57 and 8.86 seconds and lactate concentrations varying between 2.4 and 5.1 mmol/l. However, some variables are more constant such as maximum heart rate during the match (186-201 beats/min, which is very close to the real maximum of each player), the average heart rate (162-187 beats/min), work density (0.4-0.6), and the relation between the number of shots and real time as a possible indicator of effort (1.1-0.7).
The tendency was for all the players who were analysed to increase their average heart rate in relation to their maximum heart rate of the playing interval as the match progressed (>3% in all cases). This indicates that cardiovascular demand gradually increased as the game progressed.
It is clear from fig 1 that the most frequently occurring rallies in all the matches analysed are those that have a performance time of 3-6 seconds, representing 40% of the total moves, which, together with the rallies of 0-3 seconds (19%) and those of more than 6-9 seconds (20.3%), constitute more than 80% of the total rallies. Moreover, there is a progressive decrease in the frequency with which rallies occur as the performance time of each rally increases, with the rallies that last more than 21 seconds being less than 1%. However, for the rest intervals, it is between the third and fifth duration-that is, between more than 6 and 15 seconds-that 80% of the matches lie. Table 2 gives the results of a bivariate correlational statistical analysis (Pearson's coefficient) between all the variables analysed. The goal was to determine the significance of the relation between pairs of variables by controlling total time in those cases where this could affect the relation. Most of the positive correlations were related to the temporal structure: total and real time; performance and rest time. However, in the case of the negative correlations, the variables that were found to be related were the different expressions of heart rate, as well as temporal structure and playing performance variables. When the total time was controlled, it was found that the maximum and average heart rate were no longer significant in relation to the work density, leaving only the relation between maximum heart rate, average heart rate, and maximum actions as significant.
The binomial analysis of ratios for the study of unforced errors and winning shots with the final study of each set and match shows us the degree of relation between the different variables. In most cases, a high number of unforced errors resulted in loss of the set or match. In six of the 14 matches analysed using a χ 2 value of 7.095 and a level of significance of p<0.01 (0.00773), the difference between the number of unforced errors and players winning or losing the match was significant. In these matches, the players with a higher number of unforced errors were the ones who lost the match.
DISCUSSION
By analysing the correlations in table 2 and comparing the results with those from other studies, a specific analysis of each variable can be made.
Lactate concentration
Maximum lactate concentrations showed a mean of 3.8 mmol/l, with a maximum value of 5.1 and a minimum of 2.4, which are similar to those found by Ghosh et al 12 in top level 13-14 year old players. However, they are lower than those obtained by Cabello et al in three top level senior Spanish players (mean 7.1 mmol/l 17 ) and eight medium to top level players (mean 5.7 mmol/l).
14 These differences may be explained by the differences in age, fitness, and training levels of the subjects. Although there is no correlation between lactate concentration and the other variables, it is in the matches where the smallest differences between work and rest (work density) with longer work intervals occurred that lactate concentrations were highest (in four of the cases in which work density was >0.5, lactate concentration was >3.5 mmol/l, whereas in three of the cases in which work density was <0.5, lactate concentration was <3 mmol/l). These lower values may also be due to a greater aerobic work capacity conditioned by a higher degree of previous training. 10 One noteworthy aspect is the contrast between the low lactate production, with an average over all the samples lower than 3.8 mmol/l, and the high intensities shown in both maximum (190 beats/min) and average (173 beats/min) heart rate. This finding has no obvious explanation.
Heart rate
The high values for maximum and average heart rate obtained here are similar to those obtained in other studies on heart rate, 9 11 12 in most cases approaching the theoretical heart rate maximum (220−age). A possible explanation 21 is that they are due to neurophysiological factors that affect the heart. The vegetative nervous system (specifically the sympathetic nervous system) may increase heart beat frequency by acting on the sinoatrial node. The main neurotransmitter released by the postganglionic fibres of the sympathetic system during physical activity is usually norepinephrine (noradrenaline), which, by means of messages sent by the nervous system to the heart, increases the heart rate to the limits required by the activity itself. Certain characteristics of badminton (speed, reflexes, precision, high level of concentration) produce a high level of stress, which may give rise to further epinephrine (adrenaline) secretion at the suprarenal gland level, in addition to that required by the nervous system. This may cause the heart to accelerate over and above that provoked by the actual effort. 10 15 16 Playing time The correlations between the different variables relating to playing time (total playing time, real time, average work, and rest interval) may explain the importance of events that occur throughout a game of badminton, a competitive sport in which individual differences and the game's dynamics can vary greatly from one game to another. However, the total playing time may modify the relation between work density and average and maximum heart rate, because a player does not start playing until he or she feels ready to do so. This may result in games with a long total playing time but quite a short real playing time. A work density such as this (0.48) may explain why maximum lactate concentration is not obtained at the end of the game, because the rest intervals, especially those in the second set, may be sufficient to establish a partial decrease between one point and the next. It is logical to assume that, in more highly demanding games in which the variables related to playing times are considerably greater, the physiological response will also be higher, because the opponent's level and the importance of the competition can influence the intensity of the game, as well as the values obtained. From an analysis of a video of the men's singles final at the 1992 Olympic Games in Barcelona, it is interesting to note that, although the final result of the game was two sets to love, the total and real playing times (55 minutes and 25 minutes 26 seconds for the first and second set respectively) are far longer than in the games we studied: double the total time (28 minutes 9 seconds) and nearly three times the real time (9 minutes 9 seconds). Moreover, there are large differences in the work interval (6.4 seconds in our study compared with 12.3 seconds in the Olympic final) and rest time (12.9 and 20.4 seconds respectively). The work/rest ratio (0.62) was more than 20% higher than in our study (0.49), which means that the chances of recovery are less and therefore the degree of accumulated fatigue is greater.
Temporal structure
The high positive correlation (r = 0.87) found between performance time and rest time (p<0.001) confirms that the longer the point, the greater the time interval required for recovery, something that is fairly logical and on occasions is limited by the intervention of the umpire, who is trying to avoid time wasting.
Similarly, the high correlation between work interval and the number of shots in a rally shows that the number of shots that can be played, usually one shot per second, is quite limited by the shuttlecock flight time. This is borne out by the correlation (r = 0.75) between the two, as shuttlecock flight trajectories vary between 0.2 seconds for a short range smash and 1.5 seconds for a defensive clearance from one end of the court to the other or a high lob. Thus, the final average result for average flight trajectories is close to one second, because of the higher incidence of clearances and lobs.
Actions during play
Because there are no studies on these variables, it is difficult to discuss their importance. However, the results showing the relation between winning and losing a set and the higher or lower number of unforced errors and/or winning shots-that is, between these ratios and the final result-are of great interest because there is no known case of a player winning a set with a significantly higher number of unforced errors than his/her opponent. In this study, there were six matches in which in 76.9% of the cases the player with the fewer unforced errors won the set, and in only 23.1% of the cases did the player with the most unforced errors win. However, the apparent contradiction implied by these data is not significant in terms of statistical analysis. With respect to maximum actions, the negative correlation found between the number of maximum actions and the average and maximum heart rate (r = −0.59, p<0.05 and r = −0.62, p<0.03 respectively) can be explained because the higher the heart rate the lower the capacity to perform at maximum intensity and therefore the maximum actions are fewer, because the decrease in the level of response does not allow them to be carried out.
Conclusions
From these results, we can conclude that badminton is based on fast movements, with a great demand on the alactic anaerobic system and, to a lesser degree, on the lactic anaerobic metabolism. The high frequency and intensity of play throughout a match, together with the high maximum and minimum average heart rates, indicate that badminton is a sport that, at competition level, demands a high percentage of individual aerobic power and that high levels of aerobic power allow players to maintain this type of effort during a total time of about 30 minutes. Coaches should therefore base training on a large number of competitive actions of high intensity but short duration. Moreover, they should train specific endurance by means of actions and moves performed at short (15-20 seconds) and very short (6-10 seconds) intervals.
Certain factors, such as the number of unforced errors, seem to affect the final result and could therefore be used to predict the outcome of the match and a player's performance level.
Take home message
To improve badminton results, it is necessary to plan training according to the characteristics of the sport-that is, to work on specific endurance and highly intensive competitive actions.
